Elucidation of the statistical properties of the DNA nucleotide sequence is of growing interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] as an approach to discovering the rules governing the arrangement of genetic information [1, 3, 8] . As denoted by the recent sequencing of human chromosomes 21 [12] and 22 [13] , the sequencing of the entire human genome should be completed in the immediate future*. We may not obtain much insight into the whole DNA sequence, however, since the protein or RNA coding region (called the "exon") is expected to be merely 2 to 3% of the total sequence [14] . There is certainly a need for a theoretical means of extracting information from the DNA sequence itself without experimental complication. In fact, we cannot rule out the possibility that there might be additional genetic information in the noncoding region (called the "intron"), which accounts for 97 to 98% of the whole DNA sequence [14] . Although the rules hidden in DNA sequences have not yet been clarified, it may be worth characterizing them in terms of the power spectral density and the self-similarity (the fractal structure) of the DNA sequence [11] .
that we termed the "GeneMap" program, and investigated how these map patterns changed with evolution. Then employing the power spectra obtained by Fourier transformation of these DNA sequences, we tried to identify the periodicity in the short-(2 to 10 base pair [bp] ), medium-(10 to 50 bp), and longrange order (50 to 300 bp) of DNA sequences, and focused our analysis on the evolutionary changes in the periodicity of DNA sequences together with its selfsimilar property.
MATERIALS AND METHODS

Materials.
To examine the evolutionary changes in the periodicity and the self-similarity of the genomic sequence, it is necessary to obtain a set of complete data on DNA sequences from a wide variety of species. Furthermore, the long complete DNA sequences should be used for the analysis of the periodicity in the long-range order. For these reasons, the database for globin genes available from GenBank (NCBI, U.S.A.) was mainly used. We selected data on ␤-globin genes belonging to 15 different species as listed in Table 1 , and ␣-globin, albumin, preproinsulin, and huntingtin, that is, the protein associated with Huntington's disease [15] , genes as listed in Table 2 for a search of the periodicity of short-range order (2 to 10 bp). We also selected data on longer globin gene cluster (either ␤-, ␥-, ␦-, e-, -, or -globin) belonging to 5 different species as listed in Table  3 for a search of the periodicity of both medium-(10 to 50 bp) and long-range order (50 to 300 bp) as well as the self-similarity.
Values defined as aligned scores given in Tables  1-3 represent the percent amino acid sequence homology of the organisms relative to humans (100%) and were calculated by the multiple sequence alignment by using a program called CLUSTAL W (ver. 1.8) [16] . We then assumed that this value represents the evolutionary ordering of species development in the present work.
DNA walk analysis. The technique of "DNA walk" analysis reported by Peng et al. [5] provides a novel graphical representation of genes. We modified this technique to study the graphical characterization of exons and introns in ␤-globin genes. For mapping the two-dimensional walk of a DNA sequence in the x-y plane, the four base letters, A, G, C, and T, were represented by vectors (1, 0), (Ϫ1, 0), (0, Ϫ1), and (0, 1) in the x-y plane, respectively. To map it, the vector of the present base is added to the previous coordinate of the walk, and this process is repeated until the end of the individual DNA sequence is encountered. The origin of the walk is taken at (0, 0) in the x-y plane. Thus the horizontal axis represents the change in base within purine bases (A and G), and the vertical shows the change within pyrimidine bases (T and C), as in Fig. 1 . If two hydrogen bonds (A-T pair) in the DNA double strand are dominant, the walk tends to be in the right upper direction of the figure, whereas if three hydrogen bonds (G-C pair) are dominant, it declines to the left lower direction. Spectral analysis of the periodicity in the DNA sequence. For the periodicity analysis, power spectra were obtained by the Fourier transformation of the DNA nucleotide sequences (Tables  1-3) , and the power spectral densities were plotted against the periodicity (bp) in the spectra. For the fast Fourier transformation (FFT), we developed a useful program based on the Cooley-Turkey algorithm [17] .
In the monomer analysis, we conducted FFT on four kinds of data sets consisting of 0 or 1. A value of 1 appears only when the base corresponds to A, G, C, or T. For example, (AGTCAGTC...) yields (10001000...), (01000100...), (00010001...), and (00100010...), which are used for the periodicity analysis for A, G, C, and T, respectively. The power spectral density of (AGGAGGAGGAGGAGG...) of 512 stretches has a peak in A with 0.276 at a periodicity of 3.0 (half-linewidth, 0.03). Similarly, in the dimer analysis, 1 appears only when the present dimer corresponds to AA, AG, AT, AC, GA, GG, GT, GC, TA, TG, TT, TC, CA, CG, CT, or CC. Thus there are 16 data sets for FFT.
To examine the periodicity of the DNA sequence, we conducted a monomer analysis on the genes listed in Tables 1-3 and a dimer analysis on those listed in Table 3 .
Spectral analysis of self-similarity (the fractal structure) in the DNA sequence. For the self-similarity analysis, power spectra were also obtained by Fourier transformation of the globin DNA nucleotide sequences listed in Table 3 . Here, the power spectral density was plotted against the frequency (Hz) in logarithmic scales (P( f )). P( f ) is also a power law function:
where f is the frequency and ␣ is the scaling exponent, in other words, the slope of this plot at the low frequency region of the spectrum. Thus using a linear regression, we calculated the ␣ value in the region between 1 and 100 Hz (i.e., 160 to 16,000 bp) of the spectrum to examine the self-similarity (the fractal structure) of the globin gene sequence. Figure 1 displays the two-dimensional walks generated by using the "GeneMap" program. Introns are colored, and exons are black. With the evolutionary order of species development defined by the aligned score (%) given in Table 1 , especially the walking profiles of carp (52%), chicken (69%), pig (85%), rabbit (90%), and human (100%), in this order, rotated in a clockwise manner, indicating a relative increase in the amounts of two bases, A and T, especially T, at the expense of G and C with evolution. Using all the data on ␤-globin genes listed in Table 1 , we calculated the walking distance for each exon as well as for each intron, which is defined as the linear distance between both ends of each exon (or each intron) normalized to the single nucleotide. The mean value for the walking distance of all exons (0.118Ϯ0.040) was significantly smaller than that of all introns (0.176Ϯ0.062) (pϽ0.05). It is worth noting that the walking distance of introns becomes longer to increase the content of bases A and T with evolution, and that of exons remains almost unchanged, as shown in Fig. 1 .
RESULTS
Two-dimensional map patterns for the ␤-globin gene
Periodicity in the short-range order (2 to 10 bp) of the ␣-and ␤-globins, albumin, preproinsulin, and huntingtin gene sequences
Using the monomer analysis, we obtained the power spectra of four bases, A, G, C, and T, in the human ␤-globin exon sequence (512 bp) and plotted each power spectral density as a function of the periodicity (bp). It follows that prominent peaks at 2.99 bp were found only for A and also for G marked by * in Fig. 2a quences (the length of each sequence is 512 bp) and obtained their spectral densities at a periodicity of 3.0 bp, whose mean value was 0.017Ϯ0.012. Thus the observed values for the spectral densities of the ␤-globin genes at 2.99 bp were significantly large.
Power spectral densities at 2.99 bp for A (᭹) and G (᭺) increased with an increasing aligned score (%) from 15 different species listed in Table 1 , as shown in Fig. 2c (correlation coefficients, rϭ0 .68 for A and 0.76 for G). This indicates that both A and G preferentially locate every 3 bp in the ␤-globin exon sequence with evolution. However, the A and G contents of the sequence changed little with evolution (A, ranged from 19.1 to 28.8%; G, ranged from 21.2 to 31.6%). The rates of synonymous substitutions over [synonymous substitutionsϩnonsynonymous substitutions] per unit length of aligned score were almost constant (data not shown).
To confirm a 3 bp periodicity in the DNA sequences, power spectral densities at 3 bp for ␣-globin, albumin, and preproinsulin exon genes listed in Table  2 were also investigated as a function of aligned score (%). As shown in Figs. 3a, b , and c, the periodicity at 3 bp of purine bases A and G, especially G, had a strong tendency to increase with an increasing aligned score (%). Furthermore, we analyzed the huntingtin gene listed in Table 2 . As shown in Fig. 4 , power spectral densities of bases A (a), G (b), and C (c) were markedly large at 2.99 bp, and T (d) had no significant spectral density. Especially, G had the largest spectral density, and its value was 0.113.
Of note, a 3 bp periodicity was not observed in ␤-globin intron sequence (data not shown). Table 2 . (c) Power spectral densities of G (᭺) (rϭ0.85), C (᭝) (rϭ0.87), and T (᭡) (rϭ0.91) in preproinsulin exon at a 2.99 bp periodicity as a function of the aligned score (%) listed in Table 2 .
creasing values for the aligned score (%), as shown in Fig. 5c (rϭ0.78 for A and 0.82 for G) .
We further conducted a dimer analysis on a longer globin DNA sequence, i.e., the human ␤-globin region on chromosome 11 listed in Table 3 . The result showed that the sequence has a periodicity of ϳ10 bp. In 16 kinds of dimer pairs, it was found that only AA (Fig. 6a) and TT (Fig. 6b) have remarkable peaks at 11.2 and at 10.0 bp, marked by * , respectively. Power spectral densities at ϳ10 bp for AA (᭹) and TT (᭡) increased with increasing values for the aligned score (%), as shown in Fig. 6c (rϭ0.99 for AA and 0.95 for TT). However, the AA and TT dimer contents of the sequence changed little with evolution (AA, ranged from 5.7 to 10.8%; TT, ranged from 4.5 to 10.8%).
Periodicity in the long-range order (50 to 300 bp) of the globin gene sequence
A long complete DNA sequence should be used for the analysis of periodicity in the long-range order. Thus by using the monomer analysis, we obtained power spectra of four different bases, A, G, C, and T, in the full length of globin genes, including introns from 5 different species listed in Table 3 , and plotted each power spectral density as a function of the periodicity (bp). The power spectral density for the human ␤-globin region on chromosome 11 (65,536 bp) is shown in Fig. 7 . Prominent peaks were observed only in bases A and T. Base A had two maxima typically at 106.4 ( * ) and 204.8 bp ( * * ) (Fig. 7a) , and base T one at 105.4 bp ( * ) (Fig. 7b) . Table 1 . ϳ100 bp periodicity for T (᭡) and ϳ200 bp periodicity for A () increased with evolution. The A and T contents of the sequence changed little with evolution (A, ranged from 23.4 to 31.5%; T, ranged from 23.2 to 32.5%).
Self-similarity (the fractal structure) in the globin gene sequence
An analysis of the far low frequency region of power spectral density is less accurate. Thus for the observation of self-similarity, we used 1/f ␣ analysis at the far low frequency region in a log-log plot of the power spectrum. We determined the ␣ value of the 1/f ␣ plot in the region from 1 to 100 Hz (160 to 16,000 bp) of the spectrum. (Fig. 8c) , indicating the increase of the far long-range periodicity between 160 and 16,000 bp (i.e., the self-similarity or the fractal structure) with evolution. The increase of self-similarity with evolution can be partially explained by the increase of the intron content (% intron) with evolution as given in Table 3 .
Evolution of DNA Sequence Table  3 . Table 3 .
DISCUSSION
Periodicity of 3 bp. It is reported that exon sequence commonly has a periodicity at 3 bp [6, 10] . Here we found that a 3 bp periodicity in the DNA exon sequences was observed, and it increased with evolution. Purine bases A and G, especially G, have a surprisingly strong tendency to possess increasing 3 bp periodicity with increase of the aligned score (%) for ␣-globin, albumin, and preproinsulin (Fig. 3) as well as for ␤-globin (Fig. 2) . Thus a 3 bp periodicity in exons may generally increase with evolution.
It is quite intriguing to compare our results with the codon usage reported by Nakamura et al. [18] . Using their codon usage table, we calculated the probabilities for the first, second, and third base usage in a human codon. For the first base usage, G had the highest probability, 0.317. For the second, the probability for A was 0.313, and for the third, that for C was 0.
On average, ([G]-[A]-[C]
) occurred most frequently in a human codon. In other words, G or A appears once in a single codon. It should be noted that the codon usage of (GAC) is not the highest. This is consistent with our observation that the power spectral density of A and G has a maximum at 3 bp periodicity. These probabilities essentially remain unchanged with evolution, however, except for Xenopus laevis (data not shown).
The increase in a 3 bp periodicity with evolution has an implication to the CAG repeat disease. Since Huntington chorea is well known as a representative CAG repeat disease, we analyzed its causative huntingtin protein gene [15] . As shown in Fig. 4b , G had the largest spectral density at 2.99 bp, 0.113, which is about half the density of AGGAGG repeat (0.276) and about twice as large as that of ␤-globin (0.055). The predominant 3 bp periodicity of G is the common feature for other proteins such as ␣-and ␤-globins, albumin, and preproinsulin, and the spectral densities of these exons are increasing with evolution (Figs. 2c  and 3 ). These results strongly suggest that there might be internal rules in the DNA sequence that increase the 3 bp periodicity of G. These internal rules, whose nature is unknown though, might be related to the increase of the CAG repeat during the progress of generation.
Periodicity of more than 3 bp. A periodicity of about 10.4 bp in the DNA sequence was first reported by Prunell et al. [2] , employing the DNA fragments produced by DNase I digestion of chromatin. Widom [10] also concluded by using a dimer analysis that the short-range order in the eukaryotic genome has a periodicity of about 10.2 bp. Furthermore, according to a report on the X-ray crystallographic structure of the nucleosome core particle of chromatin, the value for the overall double-helix twist is 10.2 bp per turn in nucleosome and 10.6 bp in free DNA [19] . Our results obtained by a monomer analysis, however, showed that the periodicity is not ϳ10 bp, but 21.3 bp. The periodicity of 21.3 bp may correspond to twice the value of 10.6. Furthermore, power spectral densities at 21.3 bp for A (᭹) and G (᭺) increased with increasing aligned score (%) (Fig.  5c) , possibly indicating that a 10.6 bp periodicity (free DNA) has been conserved and even strengthened with evolution. Thus nucleosome positioning may be less Table 3 .
relevant to the periodicity of the ␤-globin exon, and the interaction of the exon with the histone protein complex may become weaker and weaker and more exposed to the surface, thereby easily transcripted by RNA polymerase, according to the evolution.
Our results obtained by the dimer analysis (Fig. 6 ) indicate that ϳ10 bp periodicity has been conserved and even strengthened with evolution. They also indicate that AA and TT in DNA sequence including introns preferentially locate every 10 bp.
It is reported that the DNA sequence including introns has a periodicity of about 200 bp [14] . Periodicities of 100 and 200 bp correspond to those of the nucleosome phasing; i.e., a single turn of DNA around histone protein in the nucleosomal histone core is about 89 bp [14] , and the single repeat of nucleosome, including the linker region, is about 200 bp [14] . These periodicities might be attributed to the stability of the chromation structure [20] . The nucleosome phase might have also been stabilized with evolution as shown in Fig. 7c .
Self-similarity (the fractal structure) of DNA sequence. The intron sequence has remarkable self-similarity [5, 8] . The evolution of the self-similarity could be explained as follows. The lengths of present-day DNA sequences are believed to be much longer than those of ancient DNA when life started. One of the mechanisms for sequence elongation may be gene or oligonucleotide duplication [1, 4] , during which copies of a segment of the sequence are made and then inserted back into the original sequence. According to a class of mathematical models called expansion-modification systems [4] , the sequence lengths become longer and longer driven by only simple mechanisms, duplication and mutation. It was found that if the two operations are applied repeatedly, the elongated sequence has 1/f ␣ power spectra, i.e., ␣ϭ1.0 [4] .
In fact, Peng et al. [5] demonstrated the existence of a long-range correlation in the DNA sequence based on the purine/pyrimidine DNA walks. The longrange correlation dominates not in exons [8] , but in introns [5] . Using 13 microbial complete genomes, de Sousa Vieira [11] reported that the self-similarity of DNA chains does not always prevail through the entire DNA molecule. However, self-similarity may be predominant in introns instead of exons, since natural selection may be imposed mainly on the exon rather than the intron. Especially, the functional role of the intron, which occupies more than 97% of the DNA [14] , is essentially unknown. Mantegna et al. [9] reported that noncoding regions (introns) in eukaryotes have a smaller entropy and a larger redundancy similar to natural languages than the coding regions (exons) do.
The value for ␣ seems to be approaching 1.0 with evolution as suggested in Fig. 8c . White noise yields an ␣ value of 0, and Gaussian noise yields a value of 2.0. A value of 1.0 is characteristic of a self-similar sequence, e.g., fractal pattern [21] . The value for ␣ seems to have been increased to increase the self-similarity. The information theory suggests that one can package the largest amount of information into characters of constant length when ␣ϭ1.0. Our results also suggest that introns may carry biological information-for the higher regulation of transcription [9] , for example-and that the amount of information packaged in the DNA sequence might gradually increase with evolution.
Evolution of the periodical and the self-similar properties. According to the introns-early theory [22, 23] , introns locate between the functional domains of proteins, but the introns-late theory [24, 25] states that introns form at random positions within the open reading frame. With the latter, boundaries between exons and introns are expected to be smooth, but with the former theory, they might be rough. Figure 1 shows that the last boundaries between exon and intron for pig, rabbit, and human ␤-globin genes are generally rough, supporting the introns-early theory [22, 23] . On the other hand, these boundaries are smooth for the chicken ␤-globin gene, suggesting the predominance of the latter mechanism [24, 25] . More mapping patterns must therefore be accumulated to discuss further this intriguing issue.
In conclusion, we have studied the periodical and the self-similar properties of DNA sequences by using Fourier transform analysis and characterized the evolutionary changes for ␤-globin genes from 15 different species. Two-dimensional DNA walk maps showed that the stretches of exon sequences were significantly shorter than those of intron sequences (Fig.  1) , suggesting that the evolution of exons is mainly driven by natural selection (random forces), whereas that of introns is governed by unknown internal rules (nonrandom forces). Power spectral densities of bases A and G in exons have a characteristic peak at a periodicity of 3.0, which increases with an increasing aligned score (%) (Fig. 2) . This tendency is independent of the base content or the length of exons. The general increase of the 3 bp periodicity observed also for other exons (Fig. 3) indicates the existence of some internal rules in DNA sequence and a possible connection to the cause of CAG repeat disease (Fig.  4) . Power spectral density also has a peak at a periodicity of 21.3 bp, which corresponded to twice the value of 10.6 bp, and it increases with an increasing aligned score (%) (Fig. 5) . It is intriguing, the 10.6 bp periodicity corresponds to the length of the single turn of the free DNA double strand [19] , suggesting that the interaction between DNA and histone protein has been destabilized with evolution. Power spectral densities of bases A and T in the DNA sequences including introns have two maxima at ϳ100 and at ϳ200 bp, which correspond to the periodicities of the nucleosome phasing [14] . Both peaks increased with the aligned score (%) shown in Fig. 7c , indicating that the chromatin structure has also been stabilized with evolution. A far longer periodicity (160 to 16,000 bp) in DNA sequence was examined by using the 1/f ␣ analysis. The ␣ values for bases A and T increased with an increasing aligned score (%), as shown in Fig. 8c , suggesting an increase in the amount of information in the nucleotide sequence with evolution.
The DNA double strand and the chromatin structure have been stabilized with evolution. The amount of information implemented in a genetic sequence has increased with evolution. These findings obtained through Fourier transformation of the DNA sequence suggest that a purely theoretical interpretation of the DNA nucleotide sequence is feasible. We should note again that this information is essentially independent of the knowledge about the amino acid sequence of proteins. 
